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Executive Summary 

  

    โครงการวิจัย การวิเคราะหโครงสรางสามมิติและการทำแบบจำลองเชิงตัวเลขเพื่อวิเคราะห

สมบัติทางการไหลภายในโฟมโลหะไทเทเนียมแบบรูเปด มีจุดประสงคเพ่ือศึกษาโครงสรางสามมิติของโฟม

โลหะไทเทเนียมแบบรูเปดที่มีความพรุน (porosity) แตกตางกันดวยการถายภาพเอกซเรยสามมิติ โดยได

ทำการวิเคราะหโครงสรางโฟมโลหะไทเทเนียมแบบรูเปดและคำนวณหาขนาด รูปราง และสัณฐานของ

โครงสราง เพื่อใหเขาใจถึงลักษณะที่เปนเอกลักษณของโฟมโลหะไทเทเนียมแบบรูเปดที่ผลิตจากกรรมวธิี 

Replica Impregnation  นอกจากนั้นเพ่ือศึกษาถึงผลของขนาดและรูปรางของโครงสรางโฟมโลหะท่ีมีตอ

พฤติกรรมการไหลและความสามารถในการซึมผานได อันเปนสมบัติที่สำคัญในการใชงาน งานวิจัยนี้จึงได

ทำการสรางแบบจำลองทางคอมพิวเตอรจากภาพถายโครงสรางสามมิติที่ได เพื่อจำลองการไหลของของ

ไหลผานโฟมโลหะไทเทเนียมแบบรูเปดอีกดวย  ผลการศึกษาท้ังในสวนของโครงสราง 3 มิติและพฤติกรรม

การไหล ถูกยืนยันดวยผลการวัดดวยเทคนิคขั้นสูงและการทดลอง  รวมทั้งไดทำการเปรียบเทียบผล

การศึกษาในดานตางๆกับงานวิจัยอ่ืนๆท่ีเก่ียงของอีกดวย 

  ผลการวิเคราะหพบวา โฟมโลหะไทเทเนียมแบบรูเปดท่ีผลิตจากกรรมวิธี replica impregnation 

จะมีลักษณะเฉพาะคือกานโลหะของโครงสรางโฟมจะมีชองวางภายใน ซ่ึงเปนผลมาจากตนแบบโฟมโพลียู

รีเทนรวมทั้งฟองอากาศที่เกิดขึ้นระหวางกระบวนการผลิต  ผลการคนพบจากงานวิจัยนี้ชวยใหสามารถ

เขาใจและปรับกระบวนการผลิตโฟมโลหะใหมีคุณภาพท่ีสูงข้ึนได    ผลการศึกษายังพบวาชิ้นงานท่ีมีขนาด

โครงสราง ppi ที่สูงขึ้น จะมีระดับความพรุนและขนาดของรูพรุนที่ลดลง แตจำนวนรูพรุนจะมีเพิ่มข้ึน  

นอกจากนั้นผลการวัดคา aspect ratio และ orientation ของรูพรุนทำใหสามารถยืนยันไดวา โครงสราง

โฟมโลหะไทเทเนียมแบบรูเปดที ่ผลิตจากกรรมวิธ ี replica impregnation มีลักษณะที ่ไมสมมาตร 

(geometry anisotropy) ในสามมิติอีกดวย ซึ่งลักษณะที่ไมสมมาตรนี้มีผลอยางมากตอการใชงานบาง

ประเภท  

  งานวิจัยนี้ยังไดใชแบบจำลองทางคอมพิวเตอรเพ่ือจำลองการไหลภายในโครงสรางโฟมโลหะ และ

หาความสัมพันธระหวางลักษณะโครงสรางกับพฤติกรรมของการไหล  ซึ่งผลการศึกษาจากแบบจำลอง

พบวาความสามารถในการซึมผาน (permeability) ในทิศทางการไหลที่ขนานกับทิศทางการขึ้นรูปของ

ชิ้นงาน (foaming direction) มีคาสูงกวา เมื่อเทียบกับการไหลที่ตั้งฉากกับทิศทางการขึ้นรูปของชิ้นงาน  

ทำใหยืนยันไดวา ลักษณะท่ีไมสมมาตรของโครงสรางโฟมโลหะไทเทเนียม สงผลโดยตรงตอพฤติกรรมของ

การไหลที่ไมเทากันในแตละดาน  ผลที่ไดจากงานวิจัยนี้เปนขอมูลที่สำคัญในการออกแบบโครงสรางโฟม

โลหะไทเทเนียมที่เหมาะสมตอการใชงานทางวิศวกรรมที่มีฟงกชันการใชงานที่ซับซอนและการแพทย

ตอไป 



 
 

บทคัดยอ 

 

โฟมโลหะไทเทเนียมแบบรูเปดเริ่มไดรับความสนใจมากข้ึนจากภาคอุตสาหกรรมในการนำมาใชงาน

ทางดานชีวการแพทยและชิ้นสวนวิศวกรรมท่ีมีฟงกชันท่ีซับซอน เนื่องจากมีความเบาจากโครงสรางแบบรู

พรุน รวมท้ังมีสมบัติทางดานกายภาพและทางกลท่ีดี  ในงานวิจัยนี้ไดนำเทคนิคการถายภาพเอ็กซเรยแบบ

สามมิติมาใชในการวิเคราะหโครงสรางสามมิติของชิ้นงานโฟมโลหะไทเทเนียมแบบรูเปดที่ผลิตจาก

กรรมวิธี replica impregnation  ชิ้นงานโฟมโลหะไทเทเนียมแบบรูเปดท่ีมีระดับความพรุนท่ีแตกตางกัน 

4 ระดับ ถูกผลิตจากตนแบบโฟมโพลียูรีเทนที่มีขนาดโครงสราง 25-40 ppi  โดยขอมูลจากเทคนิคการ

ถายภาพเอ็กซเรยแบบสามมิติของทั้ง 4 ชิ้นงาน ถูกนำมาวิเคราะหเพื่อศึกษาถึงลักษณะและรูปรางของรู

พรุนภายในโครงสรางโฟมโลหะรวมทั้งกานโลหะไทเทเนียม  ผลการวิเคราะหพบวา โฟมโลหะไทเทเนียม

แบบรเูปดท่ีผลิตจากกรรมวิธี replica impregnation จะมีลกัษณะเฉพาะคือกานโลหะของโครงสรางโฟม

จะมีชองวางภายใน ซึ ่งเปนผลมาจากตนแบบโฟมโพลียูร ีเทนรวมทั ้งฟองอากาศที ่เกิดขึ ้นระหวาง

กระบวนการผลิต    ผลการศึกษายังพบวาชิ้นงานที่มีขนาดโครงสราง ppi ที่สูงขึ้น จะมีระดับความพรุน

และขนาดของรูพรุนที่ลดลง แตจำนวนรูพรุนจะมีเพิ่มขึ้น  นอกจากนั้นผลการวัดคา aspect ratio และ 

orientation ของรูพรุนทำใหสามารถยืนยันไดวา โครงสรางโฟมโลหะไทเทเนียมแบบรูเปดท่ีผลิตจาก

กรรมวิธ ี replica impregnation มีล ักษณะที ่ไม สมมาตร (geometry anisotropy) การศึกษาดวย

ภาพถายจุลทรรศนแบบใชแสงและแบบอิเล็กตรอนยืนยันลักษณะความไมสมมาตรของชิ้นงาน  ในงานวิจัย

นี้ยังไดทำการสรางแบบจำลองทางคอมพิวเตอรเพื่อจำลองการไหลภายในโครงสรางโฟมโลหะ และหา

ความสัมพันธระหวางลักษณะโครงสรางกับพฤติกรรมของการไหล  ผลการศึกษาพบวาความสามารถใน

การซึมผาน (permeability) ในทิศทางการไหลที ่ขนานกับทิศทางการขึ ้นรูปของชิ ้นงาน (foaming 

direction) มีคาสูงกวา เมื่อเทียบกับการไหลที่ตั้งฉากกับทิศทางการขึ้นรูปของชิ้นงาน  ทำใหยืนยันไดวา 

ลักษณะที่ไมสมมาตรของโครงสรางโฟมโลหะไทเทเนียม สงผลตอพฤติกรรมของการไหลที่ไมเทากันในแต

ละดาน  ผลท่ีไดจากงานวิจัยนี้เปนขอมูลท่ีสำคัญในการออกแบบโครงสรางโฟมโลหะไทเทเนียมท่ีเหมาะสม

ตอการใชงานทางวิศวกรรมท่ีมีฟงกชันการใชงานท่ีซับซอนและการแพทยตอไป 

 

คำสืบคน : โฟมโลหะไทเทเนียม  เทคนิคการถายภาพเอ็กซเรยแบบสามมิติ  แบบจำลองการไหล  

ความสามารถในการซึมผาน 



 
 

Abstract 

 

Open-cell titanium foams have been receiving growing attention from the industrial 

to be used in biological and functional engineering applications due to their lightweight 

porous structure with excellent physical and mechanical properties. In this research, the 

x-ray tomography technique was used to characterise actual structure of open-cell 

titanium foams, manufactured from replica impregnation method, in three-dimensional 

(3D). Titanium foams with four different porosity, produced using polymer template with 

porosity of 25-40 ppi (pore per linear inch), were analysed to quantify structural parameters 

and morphological geometries of open-cell pores and titanium struts. It was found that 

titanium foam manufactured from replica impregnation method has the characteristic 

hollow strut, containing polyurethane voids and air bubbles. As the template cell size (ppi) 

increased, porosity and average pore diameter decreased whereas the number of 

individual pores increased. The measured aspect ratio and orientation of pores indicated 

geometry anisotropy of titanium foams. Microstructure evaluation using scanning electron 

microscope and 3D optical microscope confirmed geometry anisotropy of the structure. 

The numerical analysis and permeability assessment of fluid flow were also performed to 

investigate the relationship between structural parameters and flow behaviour. The 

permeability was significantly higher for the flow parallel to foaming direction as compared 

to the flow perpendicular to foaming direction, confirming that degree of geometry 

anisotropy was sufficient to cause significant flow property anisotropy. This better insight 

is of great importance to design the optimal structure for various functional applications.  

 

Keywords: Titanium foams, X-ray tomography, Flow simulation, Permeability 
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Chapter 1 

Introduction and literature review 

 

1.1  Introduction to research problem and its significant 

 Recent advance development in metal foam processing has enabled the usage of the 

lightweight cellular metals in many engineering applications. In biomedical industry, metal 

foams of titanium and its alloys are highly considered to be used for human bone 

replacement due to their excellent strength-to-weight ratio, corrosion resistance and 

biological properties. The advantage of lightweight porous structure with interesting 

combination of physical and mechanical properties also makes titanium foam a potential 

candidate for new functional engineering applications, ranging from electrolysis systems, 

filtration and compact heat exchanger in electronics and automotive industries.  

 These functional engineering applications are generally used under load-bearing 

conditions and/or subjected to thermal/fluid transport. Despite recognising that porous 

structure (pore and strut sizes) and morphological geometries are crucial to mechanical 

performance and could be critical in influencing fluid flow, only limited studies have been 

done on three-dimensional (3D) structural characterisation. There are even less work on the 

numerical analysis of the transport in these non-ideal 3D structures. 

 To design the optimal structure for various functional applications, quantifying key 

structural parameters, such as pore/strut sizes and connectivity, of titanium metal foams is 

essential. It is also important to correlate them to the flow transport. Therefore, the 

characterisation of actual 3D structures together with the understanding of relationship 

between structural parameters and flow behaviour (e.g. permeability) is of great importance. 
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1.2  Objectives  

 (1)  Perform x-ray tomographic experiments to acquire three-dimensional open-cell 

structures of titanium foams with different porosity levels. 

 (2)  Characterise the open-cell structure parameters (such as pore and strut sizes) and 

morphological geometries (such as porosity and connectivity) using novel 3D image analysis 

technique. 

 (3)  Develop tomographic-based model for the numerical simulation of fluid flow 

through open-cell titanium foams. 

(4)  Study the influence of structure parameters on flow behaviour and permeability. 

 

1.3  Scope of research  

 (1)  This project will focus the study on the 3D structural characterisation of open-cell 

titanium foams manufactured from replica impregnation method. Four specimens having 

different porosity levels, using polymer template with porosity of 25-40 ppi, will be scanned 

and analysed using x-ray tomography technique. The titanium foam specimens will be pre-

manufactured from MTEC laboratory and hence processing parameters of replica impregnation 

foaming method will not be considered in this work.    

 (2)  In this research project, the tomographic-based CFD simulation of flow through 

open-cell structures will be performed on all four specimens with the same size of 

representative elementary volume (REV). The simulation domains will be in three-dimensional 

and the flow studies will be carried out in each of the three directions along the x, y and z 

axes. The Navier–Stokes equation in this CFD will be simplified by assuming steady-state flow, 

incompressible flow and linear relationship between viscous drag and fluid velocity. 

Permeability will be calculated based on Darcy's Law. 

 (3)  The simulated flow results will be used to correlate the influence of structure 

parameters on flow behaviour and permeability. 
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1.4.  Literature reviews 

Titanium and its alloys have been used extensively in many engineering applications 

including aerospace components and biomedical implants due to their excellent strength-to-

weight ratio, high corrosion and oxidation resistance, and favourable biocompatibility [1, 2]. 

Recently, several methods for manufacturing metal foams and other porous metallic 

structures have become more available [3-7]. In particular, powder metallurgy (PM) route has 

been widely used as a common method to produce titanium foams for many engineering 

usage [8]. Of many PM methods, additive manufacturing with metal powders [9, 10], powder 

sintering with foaming agent [11, 12], powder sintering with space holder [13-15], and replica 

impregnation [16, 17] methods present great ability to shape complex titanium porous 

structures with varied levels of porosity. Although all four methods can produce open-cell 

titanium foams, previous studies [9, 10, 17] have shown that it is difficult to achieve highly 

porous structure with uniform connected pore network using foaming agent or space holder 

foaming methods. It is, however, possible to produce uniform open-cell titanium foam with 

high level of porosity using additive manufacturing (e.g. selective laser melting) and replica 

impregnation methods, as shown in Figure 1.  

 
Figure 1  SEM micrographs showing open-cell structure of titanium foams manufactured 

from (a) selective laser melting  [10] and (b) replica impregnation methods [17]. 

As the additive manufacturing approach uses computer aided design to directly 

produce titanium foam by selectively melting powder bed layer by layer, almost-ideal 
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connected pore network and complex features of the titanium foam structure can be 

achieved. However, this technology is rather slow and expensive. Therefore, its usage is only 

limited to medical orthopedic applications and prototyping components. Alternatively, replica 

impregnation method offers a processing route that is more cost-effective and amenable to 

mass production. Prior study [17] also showed promising results that titanium foams with good 

compressibility and high strength can be manufactured by replica impregnation method. The 

porous network of titanium foam produced via this method is, however, non-ideal.  

Open-cell metal foams are mainly used in functional applications where the nature of 

continuous porous network is of great benefit to thermal/fluid transport conditions. For 

example, in biomedical industry, titanium foam (scaffold) with high porosity structure is 

preferred to aid nutrient delivery for bone ingrowth [18, 19]. In other engineering industries, 

open-cell metal foams are used for applications ranging from acoustic absorption 

components, heat exchangers, gas/fluid filters and electrodes in electrolysis system [3, 4, 20-

24]. The difference in final porous structure, resulting from different processing parameters, 

can greatly affect both mechanical [6, 15] and flow properties, which are important to the 

performance of the functional applications. Experimentally, it has been shown that structural 

parameters (e.g. cell size and porosity) have significant effects on heat transfer properties [21, 

25, 26] and flow behaviour (e.g. permeability) [27-30]. Therefore, there is a strong need to 

quantify morphological geometries of the actual metal foams.  

 
Figure 2  Three dimensional rendering of (a) solidifying dendritic structure of Al-Si alloy [31] 

and (b) porous structure of titanium foam produced by space holder method [15]. 
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X-ray computed tomography (µ-CT or XMT) is an effective characterisation technique 

that is capable of imaging, nondestructively, three-dimensional interior structure of materials 

[31-33], as shown in Figure 2(a). This method has been recently used to investigate cellular 

materials (as illustrated in Figure 2(b)), enabling accurate quantification of pore and strut 

networks as well as pore connectivity of metal foams [10, 15, 34]. Previous morphological 

analysis of aluminium foams using XMT also highlighted that actual structure of metal foams 

is highly-irregular and also revealed that some assumptions taken from ideal geometry model 

is inaccurate [35]. This suggests that numerical simulations performed on periodic unit-cell 

structures (such as [36, 37]) may not be adequate to capture the intricate details of flow and 

transport in the actual irregular porous structures. 

To accurately study the relationship between structural parameters and flow/transport 

behaviour, the real structures acquired from x-ray tomography were employed as starting 

domains for computational fluid dynamics (CFD) analysis [26, 29, 31, 38]. This combination of 

XMT and numerical simulation (also referred to as tomography-based simulation or image-

based simulation) has been recently used to investigate fluid flow and heat transport through 

open-cell aluminium and copper foams [29, 39-41]. Figure 3 demonstrates some examples of 

tomography-based simulation in aluminium foams. Although there has also been few studies 

on fluid transport through open-cell titanium foams [18, 19], those studies mainly focused on 

conditions tailored for biomedical applications.  

In order to extend our understanding of the relationship between structure parameters 

and flow behaviour in other functional engineering applications, such as those in electrolysis 

system, further study on 3D structural characterisation and image-based simulation in broader 

flow conditions is required. 
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Figure 3  Tomography-based simulations performed on aluminum foams for  

(a) heat transport [39] and (b) fluid flow analysis [41] 

 

1.5 Expected benefits 

 (1) The 3D characterization of open-cell titanium foams allows their structure 

parameters (e.g. pore and strut sizes) and morphological geometries (e.g. porosity and 

connectivity) to be accurately quantified. This 3D characterisation technique not only provide 

improved insights into porous structure of titanium but could also offer a new way to 

investigate the quality of manufactured titanium foams.   

 (2)  The influence of structure parameters on flow behaviour and permeability was 

studied in this project. This understanding is of great importance to the development of 

titanium metal foams for new functional engineering applications with better performance. 

 (3)  The developing method of tomography-based fluid flow simulation for open-cell 

titanium foams could be further extended to calculate fluid/heat transport in other porous 

metals, such as aluminium and copper foams. This is critical to design metal foams for a 

broader range of functional engineering applications in the future. 
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Chapter 2 

 Methodology 

 

2.1  Specimen preparation 

Four specimens of open-cell titanium foams produced from replica impregnation 

method using polymer template with porosity of 25-40 ppi was first prepared (titanium foam 

samples produced by this technique is shown in Figure 4) and wire cut into cylindrical shape 

(8 cm diameter and 8 cm height) for subsequent imaging. As detailed in [17], replica 

impregnation method uses titanium slurry (mixture of titanium powder, water, and binder) to 

impregnate open-cell polymer foam template. After removing excess slurry by squeezing, the 

green titanium foams were dried in air, then debound in argon atmosphere, and finally 

sintered under high vacuum. 

 

Figure 4  Open-cell titanium foams produced from replica impregnation method: (a) 

polyurethane template (b) sintered titanium foam (c) cylindrical titanium foam specimen 

 

2.2  X-ray tomography 

The prepared foam specimens were scanned, using commercial x-ray tomography 

machine, at high spatial resolution (approximate resolution of 5 µm/voxel) to ensure all details 

of pores and solid titanium networks to be captured. In each x-ray tomography scan, a series 

of two-dimensional x-ray images (radiographs) was first taken at different illumination angles 
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(angular range of 360°). These images were then be digitally reconstructed to obtain three-

dimensional cellular structure of a foam specimen, as shown in Figure 5. 

 
Figure 5  (a) 2D reconstructed slices obtained from x-ray tomography (b) 3D rendering of 

titanium porous structure from stack of 2D reconstructed slices  

 

2.3  Characterisation of three-dimensional titanium foam structures 

 After tomography acquisition, each reconstructed 3D volume was first processed with 

edge-preserving smoothing algorithm to remove the noise in the scans and to enhance image 

contrast. Subsequently, the filtered 3D volumes were segmented (binarised) using region-

growing thresholding method. This segmentation process was done to identify the regions of 

solid networks and pores. Finally, novel image processing techniques (combination of 

Euclidean distance transforms, watershed algorithm, skeletonization algorithm and principal 

component analysis) [33, 42] were used to characterise the open-cell structure parameters 

and morphological geometries such as pore size distribution, pore anisotropy, strut size 

distribution, strut connectivity and porosity. Manufacturing defects (e.g. polyurethane space 

and entraped bubbles inside titanium strut) were also examined. These quantification 

processes were performed using Matlab (MathWorks, MA) and Avizo (Thermo Fisher Scientific, 

MA) software. Optical microscopy and scanning electron microscopy were also performed to 

validate the quantification results. 
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2.4  Numerical simulation of fluid flow through open-cell titanium foams 

 The segmented 3D structure of each specimen was used as input geometries for the 

tomographic-based numerical simulations of fluid flow through open-cell foams. Note that 

the input for CFD simulation was selected as representative element volume (REV) of size 

4x4x4 mm3, as shown in Figure 6(a), from the entire cylindrical specimen to reduce 

computational time. This size of REV has been verified to confirm good representative volume 

of the entire structure. First, the finite volume mesh (tetrahedron elements) of the flow regions 

(pore space in 3D volume) was created, as illusted in Figure 6(b). Next, flow stabilized zone 

(Figure 6(c)), boundary conditions (Figure 7), and fluid properties were set in the model to 

match conditions found in real functional engineering applications. Finally, the commercial 

computational fluid dynamics (CFD) package - Ansys Fluent (Ansys Inc., PA) was used to solve 

flow problem based on full Navier–Stokes equation. This method will enable the flow 

behaviour and permeability to be determined for each 3D volume with different structure 

parameters. 

 

Figure 6  Numerical simulation of fluid flow (a) segmented 3D structure of open-cell titanium 

foam, (b) flow region, and (c) flow region with stabilized zones at inlet and outlet 
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Figure 7  Boundary conditions of fluid flow simulation 

 Flow resistance of an incompressible Newtonian fluid through a open-cell titanium foam 

can be measured by the excess pressure ∆P (i.e. different in pressure at flow inlet and outlet) 

that must be applied to cause steady state fluid flow with a given unidirectional average 

velocity through a unit length of the porous medium. The law governing such unidirectional 

fluid flow is the Dupuit–Forchheimer modification of Darcy’s law: 

   −𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=  𝜇𝜇
𝐾𝐾
𝑣𝑣0 + 𝜌𝜌𝜌𝜌𝑣𝑣02    (Equation 1) 

where P is pressure in fluid, x is distance along the direction of fluid flow, µ is the fluid 

viscosity, v0 is fluid velocity and ρ is fluid density. The Darcian permeability K and the form 

coefficient C are characteristics of the porous medium. At low fluid velocities, Equation (1) 

simplifies to Darcy’s law: 

𝑣𝑣0 = −𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝐾𝐾
𝜇𝜇

     (Equation 2) 

 In this research, the fluid is modelled as water. The viscosity is 0.001 Pa·s, density is 

998.2 kg/m3. Boundary conditions of the flow were assumed as follow: zero pressure outlet, 

velocity inlet of 0.0001 m/s, and no-slip wall condition. The change in pressure across open-

cell titanium foam was determined from the numerical simulation and subsequently used to 

calculated permeability (K) using Darcy’s law (Equation 2).  
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 To validate the calculated permeability, physical evaluation of fluid flow through open-

cell titanium foams was performed using experimental setup shown in Figure 8-9. 

 

Figure 8  Schematic of the permeability measurement apparatus 

 The volumetric flow rate was estimated by measuring the time to fill a container of 

precisely known volume (1 liter of distilled water). The measurement of the flow rate was 

obtained from 10 experiments to ensure the consistancy. The inlet pressure was fixed at a 

given value and the outlet pressure was assumed atmospheric pressure.  The titanium foam 

sample was sealed into the sample holder, as shown in Figure 9, to ensure that there was no 

fluid flows along the outer side-surface of the specimens 

 

 

Figure 9  Sample holder for permeability measurement (a) titanium foam sealed into a heat-

shrinkable polymer tube, (b) fitted with rubber O ring, (c) sealed by Teflon tape (d) mounted 

to rubber hose pipe (e) holder tightened by metal strap   
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Chapter 3  

Results and Discussions 
 

3.1  Characterisation of three-dimensional titanium foam structures 

 3.1.1 Characteristic of titanium foam produced by replica impregnation method 

 Approximately 2000 CT reconstructed images were collected for each metal 

foam sample. The image sizes covered the entire volume of the specimen (8 cm diameter 

and 8 cm height). Using histogram-based and region-growing based segmentation, there were 

3 regions identified and labelled for further analysis. 3D rendering of these regions is shown 

in Figure 10. The first region is actual titanium structure with hollow strut, Figure 10(a), the 

second region is empty space inside titanium structure that used to by polyurethane 

template, Figure 10(b), and the third region is empty space inside titanium structure that 

referred to air bubbles entrapped during replica impregnation processing, Figure 10(c).   

 

Figure 10  3D rendering of (a) titanium foam structure with 30 ppi cell size having hollow 

strut, (b) space inside titanium strut from polyurethane template and (c) space inside 

titanium strut from air bubbles 

 

 Figures 11-13 illustrates these identified regions in all four specimens having cell 

size ranging from 25 to 40ppi.  
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Figure 11  Titanium foam structure: (a) 25ppi (b) 30 ppi (c) 35ppi (d) 40ppi 

 

Figure 12  Polyurethane space inside titanium strut: (a) 25ppi (b) 30 ppi (c) 35ppi (d) 40ppi 
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Figure 13  Air bubbles inside titanium strut: (a) 25ppi (b) 30 ppi (c) 35ppi (d) 40ppi 

 These results confirm that all titanium foams made from replica impregnation 

method have hollow struts owing to its processing technique. The characteristic polyurethane 

space (Figure 12) is unavoidable since the polymer was used as template for titanium slurry 

coating. This template was decomposed during sintering process, leaving empty space inside 

the titanium strut. The geometry of this polyurethane space is a replica of the titanium foam 

structure. The size of polyurethane space is observed to be smaller compared to original 

polyurethane template since significant shrinkage is expected during heating and sintering 

processes. It can also be seen that there are several polyurethane spaces that connected to 

the outer surface of titanium strut. This indicates that polyurethane template was not well 

covered by titanium powder in some areas, particularly near the interconnect of struts. 

 Air bubbles inside titanium strut can be found throughout all specimens, as 

shown in Figure 13. During titanium slurry coating process, it is possible that air entrapement 

occurs and air bubbles remain after the process. It is observed that the geometry of these 
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bubbles is quite round and mostly spherical. This confirms that the origin of this empty space 

was air bubbles since the bubbles are spherical in shape due to its high surface tension. It is 

also worth noting that there seems to be no correlation between the amount of air bubbles 

and titanium foam with increasing cell sizes. In this research, titanium foam specimen with 

35ppi cell size contains the largest amount of air bubble space, representing the lowest 

manufacturing quality. The amount of air bubbles could be minimised by having a good 

process control during mixing and coating of titanium slurry. 

 Scanning electron microscopy (SEM) was also performed on the titanium foam 

sample with 30 ppi cell size to confirm the evidence of polyurethane space and air bubbles 

that were appeared on the outer surface of titanium struts. Figure 14 illustrates that triangular 

voids can be found at the interconnects and small rounded voids can be found along the 

struts though out the sample. This confirms that polyurethane template in some area was 

not well covered by titanium powder, particularly near the interconnect of struts, and air 

bubbles created during mixing and coating processes were tended to locate close to surface 

of titanium struts.  

 

 

Figure 14  Surface-connected voids in titanium foam 30 ppi sample made by replica 

impregnation method: (a) triangular void at the interconnect (b) voids along the struts  
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 Quantification of 3D volume of the identified regions was also performed to 

investigate volume perentage of titanium foam with hollow strut, polyurethane space, and air 

bubbles in the samples with different cell sizes, as shown in Figure 15. It can be clearly 

observed that volume of titanium structure increases uniformly with decreasing cell size (i.e. 

increasing ppi). The volume of titanium structure increases from 9.19% in 25 ppi cell size to 

14.81% in 40 ppi cell size. The volumes of polyurethane space and air bubbles are in a range 

of 1.2-1.6% and 0.01-0.2%, respectively.     

 

Figure 15  Volume percentage of titanium foam with hollow strut, polyurethane space, and 

air bubbles in the samples with different cell sizes 

  

 3.1.2  Porosity of titanium foams with different cell sizes  

 As seen from previous section, titanium foam manufactured from replica 

impregnation method has the characteristic hollow strut. This characteristic does not exist in 

titanium foams from other manufacturing techniques; thus, the measured porosity level of 

titanium impregnaiton foams might not be in a direct comparison to other titanium foams. 

Therefore, two methods were applied in this work to investigate porosity level of titanium 

foams with different cell sizes. First, the measurement was performed on the actual titanium 

foam structure having hollow strut (i.e. Figure 11). Second, the measurement was performed 
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on the modified titanium foam structure having solid strut (i.e. filled hollow space). In order 

to obtain the modified titanium foam structure, all three regions of titanium foam with hollow 

strut, polyurethane space, and air bubbles are combined, as shown in Figure 16.  

 
Figure 16  (a) Actual titanium foam containing polyurethane space (highlighted red) and air 

bubbles (highlighted blue) inside its hollow strut, and (b) modified titanium foam having 

solid strut (filled hollow space)    

 

 
Figure 17  Titanium foam structure with filled strut: (a) 25ppi (b) 30 ppi (c) 35ppi (d) 40ppi 
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 Figure 17 illustrates 3D rendering of the modified titanium foam structures with 

filled strut in all four specimens. It can be clearly observed that volume of titanium structure 

increases uniformly with decreasing cell size (i.e. increasing ppi). This is expected since there 

were more struts per volume in higher ppi polyurethane foam for titanium slurry to 

impregnate. This agrees well with previous work reported that apparent density of titanium 

foams made by the same method increases with increasing ppi [43].  

 The measurements of porosity level in all specimens, both hollow and filled 

strut structure, are shown in Figure 18. As the number of pores (ppi) increased, the porosity 

decreased uniformly, both in filled and hollow titanium foams. Similar results (Manonukul et 

al. [43, 44]) have also been reported that level of porosity decreases with higher ppi. Although, 

those works used density measurement method to estimate for porosity, the measured values 

agree well with the 3D measurement in this work. Note that hollowed titanium foams can 

only be compared to previous density measurement method as it represents the acutal 

titanium foam structure without having image processing methods for strut filling. As expected, 

the porosity in filled titanium foams is lower compared to that of hollowed titanium foams. 

This corresponds to the filled volume of polyurethane void and bubbles.       

 

Figure 18  Porosity of titanium foams using varired cell size polyurethane foam 
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3.2  Pore analysis and geometry anisotropy  

 The size of individual pore and degree of geometry anisotropy in titanium foams could 

be quantified by the results from X-ray microtomography. First, the 3D volumes of filled 

titanium foam structure were used to differentiate pore and titanium strut (as shown in Figure 

19A). Subsequently, watershed segmentation algorithm was applied to convert the connected 

open-cell pores into individual closed pores (Figure 19B). Note that any segmented pore 

located on the boundaries of specimen surface was excluded to ensure a complete pore 

geometry. 

 
Figure 19  (a) titanium strut and open-cell pores (b) individual closed pores 

 

 3.2.1  Pore size and number of pores 

 Figure 20 demonstrates titanium foam structure and individual closed pores with 

varied cell size. It can be visualised that there are significant greater number of pores at higher 

ppi. This is expected since higher ppi meaning that there should be higher number of pores 

per inch. There are only 24 pores in titanium foam with 25 ppi polyurethane template but 

this increases to 227 pores in titanium foam with 40 ppi template. In addition, it can be clearly 

seen that the size of each individual pores decreases with increasing ppi.   

  Quantification of individual pore size and number of pores with varied cell size 

was performed and the result is shown in Figure 21. Pore size was measured by calculating 

equivalent diameter from 3D volume of each pore (assuming spherical pore shape). 
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Figure 20  Titanium foam structure and individual closed pores with varied cell size:  

(a) 25ppi (b) 30 ppi (c) 35ppi (d) 40ppi 

 

 

Figure 21  Number of pores and equivalent pore diameter with varired cell size 
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 The results in Figure 21 indicate that the relationship between number of pores 

and cell size (ppi) is non-linear. The increase in number of pores is more pronounce at higher 

ppi. It is worth nothing that the measured number of pores here only include those with 

complete shape. Pores that are located on the boundaries of specimen surface were 

excluded. This pore exclusion might have a slightly greater effect on the total number of 

pores, however the authors believe this non-linear relationship is still valid since the 3D 

analysed volume used in this study is sufficiently large and the analysed number of pores are 

over 100 in 35 ppi and 40ppi foams. 

 The average pore diameter decreases with increasing ppi, which is opposite to 

the number of pores as aforementioned. As shown in Figure 21, average pore diameter is 2.12 

mm in 25 ppi foam and 1.87 mm in 30 ppi foam but decreases to 1.34 mm and 1.15 mm in 

35 ppi and 40 ppi foams respectively. This is slightly smaller than the average pore size 

reported by Manonukul et al. [44] since their measurement of pore size using three-

dimensional optical microscope (3D-OM) included one strut thickness.  

 In this research, 2D microstructures were also taken and investigated using 3D 

optical microscope to confirm with the 3D measurement. The measured average pore 

diameter (exclude strut thickness) was 1.86 mm in 30 ppi foam, as shown in Figure 22. This is 

in good agreement with the 3D results. 

 

 

Figure 22  (a) optical micrograph and (b) 3D optical micrograph of 30 ppi titanium foam   
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 3.2.2  Geometry anisotropy 

 To investigate geometry anisotropy of titanium foam, principal component 

analysis was performed on each 3D individual pore to determine the aspect ratio (i.e. length 

along major axis to length along minor axis) and orientation (i.e. angle that the major axis 

inclided to the foaming direction), as plotted in Figure 23. The average aspect ratio was found 

to be in a range between 1.33 to 1.39. Note that the aspect ratio becomes unity if a pore is 

circular, while aspect ratio departs from 1 if a pore become more elongated (higher degree of 

geometry anisotropy). This indicates the geometry anisotropy of pore and titanium foam 

manufactured from impregnation method. This explains by the fact that polyurethane foam 

template was made by foaming method thus having elongated pore in the foaming direction. 

Similar geometry anisotropy in polyurethane foam was reported elsewhere [45].    

 

Figure 23  Average aspect ratio and orientation with varired cell size   

 Orientation of each 3D individual pore can also be used to indicate the degree 

of geometry anisotropy. The average orientation (angle of major axis inclined to foaming 

direction) was around 20.5° for the 25 ppi, 30 ppi and 35 ppi titanium foams and was 50.9° for 

40 ppi foam. The angle towards 0° and 90° indicates high degree of geometry anisotropy while 

angle around 45° indicates low degree of geometry anisotropy. The results in Figure 23 confirm 
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that geometry anisotropy of titanium foam manufactured from impregnation method exist. 

Titanium foam with 40 ppi polyurethane template appears to have less degree of geometry 

anisotropy. Previous research [45] also reported that anisotropy decreases with a higher 

apparent density. Note that measured orientation of pore was found to be relatively random 

as seen in large value of standard deviation in Figure 23.   

 To confirm the result from 3D measurement, investigation of pore geometry was 

further carried out using 3D optical microscopy (3D-OM) and scanning electron microscopy 

(SEM) as shown in Figure 24 to Figure 25. Micrographs were taken from top view and side view 

of the samples. 

 

Figure 24  3D optical micrograph of 30 ppi titanium foam  (a) top view and (b) side view 

 

 

Figure 25  SEM micrograph of 30 ppi titanium foam  (a) top view and (b) side view 
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It can be clearly observed that pore geometry is more elongated in the side view 

as compared to the top view (both in 3D-OM and SEM micrographs) since the foaming direction 

is along vertical direction of the specimen. From 3D-OM result, length measurement along 

major and minor axes was also performed using image analysis software to estimate the aspect 

ratio. It was found that the average aspect ratio of 30 ppi titanium foam was 1.31, which agrees 

well with 3D measurement in the previous section. It is confirmed that titanium foams made 

from replica impregnation method could have certain degree of geometry anisotropy. 

 

3.3 Pore distribution and strut network 

 
Figure 26 Location and size of individual pore (a-c) 25 ppi, (d-f) 30 ppi, (g-i) 35 ppi, (j-l) 40 ppi 
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  Location and size of each individual pore was investigated and shown in Figure 

26. Location of each pore was identified by its centroid and equivalent pore diameter was 

used to label each pore with different colour based on its pore size. It can be clearly seen 

that pores are distributed uniformly throughout the specimen. No area of pore cluster was 

observed. Pore size was also evenly distributed. Distribution of pore size was also quantified 

and shown in Figure 27.   

 
Figure 27 Pore size distribution with varired cell size   

 

 Normal (symmetry) distribution of pore size was observed in all four samples. 

Titanium foam with 25 ppi template appears to have broadest size distribution whereas 30 

ppi titanium foam appears to have narrowest size distribution. The width of size distribution 

in all foams is approximately 0.5 mm. This is in contrast with prior work [43] reported that the 

distribution of pore size was non-symmetric and slightly skewed to smaller sizes. The efficacy 

of 3D analysis proves to be beneficial to in-depth analysis of individual pore.   

  Quantification of interconnected network of titanium strut was also performed 

using skeletonization method. First, distance map of the segmented titanium strut was 
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obtain a string of connected voxels. Finally, the connected voxels were converted to a spatial 

graph consisting of nodes and vertices. Nodes and vertices represent interconnect and strut 

in titanium foam structure, respectively. The strut networks, consisting of nodes and vertices, 

of all four titanium foams are presented in Figure 28.  

 

 

Figure 28  Strut network and strut thickness of (a) 25 ppi, (b) 30 ppi, (c) 35 ppi, (d) 40 ppi  
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 The thickness of each strut (i.e. vertices) can also be quantified to identify the 

uniformity of titanium strut thickness from replica impregnation method, as shown in Figure 

28. It can be observed that distribution of strut thickness is relatively uniform in all samples, 

except the titanium foam with 35 ppi template that show an area of slightly thicker struts in 

the middle part of the sample. This might be because of 2 possible scenarios: (1) air bubbles 

were introduced during titanium slurry coating process and (2) cleaning (after coating) cannot 

fully reach the middle part of the sample. Since the analysis was done on the filled titanium 

structure, any internal/surface-connected void would be filled and considered as strut for 

network analysis, thus making struts with surface-connected voids become thicker. The 

authors believe that the first scenario is more likely as it agrees well with the aforementioned 

result shown in Figure 13c that titanium foam with 35 ppi template has the most air bubbles 

(most of them are located near the middle part of the sample). The insights from this analysis 

could be further utilized to achieve optimized process parameters for manufacturing of 

titanium foam with uniform strut thickness.        

   Figure 29 illustrates average strut thickness of titanium foams with varired cell 

size. Variation in thickness is rather high and there is no clear relationship between strut 

thickness and template cell size.    

 

Figure 29  Average strut thickness with varired cell size   
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3.4 Fluid flow simulation 

 Tomographic-based CFD simulation of flow through open-cell structures was 

performed on all four specimens with the same size (4x4x4 mm3) of representative elementary 

volume (REV), as shown in Figure 6. The flow studies were carried out in each of the three 

directions along the x, y and z axes. The x and y axes represent the direction perpendicular 

to foaming direction while z axis represents the direction parallel to foaming direction.  

The pressure contourand flow velocities from the flow simulations are shown in Figure 

30 and Firgure 31, respectively. Planar cross-section for 2D visualization can be done either in 

parallel plane or perpendicular plane to the flow direction.  

 
Figure 30  Visualization of the pressure contour inside 30 ppi foam: (a) 3D flow and  

(b) 2D cross-section 
 

 
Figure 31  Visualization of the velocity contour inside 30 ppi foam: (a-b) flow perpendicular 

to foaming direction and (c) flow along foaming direction. Note that two cross-sectional 

planes are shown to represent the plane parallel and perpendicular to the flow direction 
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 3.4.1  Flow velocity through open-cell titanium foams 

 Flow velocity magnitudes resulting from the flow simulations in the x direction, 

perpendicular to foaming direction, are shown in Figure 32 and Figure 33.  

 
Figure 32  2D cross-sectional views (parallel plane) of the 3D velocity magnitudes along  

x-direction showing fluid flow within titanium foams (a) 25 ppi (b) 30 ppi (c) 35 ppi (d) 40 ppi 

 
Figure 33 2D cross-sectional views (perpendicular plane) of the 3D velocity magnitudes along  

x-direction showing fluid flow within titanium foams (a) 25 ppi (b) 30 ppi (c) 35 ppi (d) 40 ppi 
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 Flow velocity magnitudes resulting from the flow simulations in the z direction, 

parallel to foaming direction, are shown in Figure 34 and Figure 35. 

 
Figure 34  2D cross-sectional views (parallel plane) of the 3D velocity magnitudes along  

z-direction showing fluid flow within titanium foams (a) 25 ppi (b) 30 ppi (c) 35 ppi (d) 40 ppi 

 
Figure 35 2D cross-sectional views (perpendicular plane) of the 3D velocity magnitudes along  

z-direction showing fluid flow within titanium foams (a) 25 ppi (b) 30 ppi (c) 35 ppi (d) 40 ppi 



31 
 

 From a qualitative perspective, the results shown in Figures 32 – 35 demonstrate 

that pore interconnects strongly block the fluid flow, particularly at higher ppi foam (lower 

pososity). This is expected as pore interconnects have smaller channel size for the fluid flow 

as compared to the open pore space and these channels become even smaller at higher ppi 

(lower porosity). Considering the direction of flow, flows perpendicular to foaming direction 

(x-direction) seem to be slightly rougher since the interconnects are rather complex and 

random (Figures 32-33). In contrast, flows parallel to foaming direction (z-direction) seem to 

have less blockage since the interconnects are less complex (Figures 34-35). The different in 

fluid-flow emphasizes that geometry anisotropy of titanium foams could result in different 

flow behaviour.    

 

 3.4.2  Permeability assessment of titanium foams 

 The permeabilities of titanium foams with varied cell size were calculated based 

on Darcy's Law, as described in method section, and shown in Figure 36. 

 
Figure 36  Permeability for fluid flow in titanium foams with varired cell size 
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The permeability is significantly higher for the flow parallel to foaming direction 

(z-direction) as compared to the flow perpendicular to foaming direction (x- and y- directions). 

Note that the different in permeability is more pronounce towards higher ppi foams. The 

variation in permeability with foaming direction confirms that the degree of geometry 

anisotropy was sufficient to cause significant flow property anisotropy. Previous strudy also 

indicated that sufficient geometry anisotropy is needed to create mechanical property 

anisotropy [44].  

Figure 37 illustrates permeability of foam structures with level of porosity. The 

permeabiliy increases with higher porosity. The result from preliminary liquid-flow experiment 

in this study was also added in Figure 37. The measured permeability was in the same order 

of magnitude but was slightly lower than that from numerical simulation. To confirm the 

accuracy of numerical simulation in this work, permeabilities from various literatures (from 

both numerical and experimental studies) [18, 39, 41, 46] were also included in Figure 37. A 

good agreement between the results in this work and the previous studies can be observed.  

 
Figure 37  Permeability for fluid flow in titanium foams with varired cell size 
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Conclusion 
 

Open-cell titanium foams have been receiving growing attention from the industrial to 

be used in biological and functional engineering applications due to their lightweight porous 

structure with excellent physical and mechanical properties. Prior studies suggested that 

structural difference in manufactured titanium foams can greatly affect flow behaviour. 

Therefore, there is a strong need to accurately quantify structural geometry and morphology 

of porous networks and their effects on flow properties. In this proposed project, the x-ray 

tomography technique was used to characterise actual structure of open-cell titanium foams, 

manufactured from replica impregnation method. Titanium foams with four different porosity, 

produced using polymer template with porosity of 25-40 ppi (pore per linear inch), were 

studied. It was found that titanium foam manufactured from replica impregnation method has 

the characteristic hollow strut, containing polyurethane voids and air bubbles. The results also 

indicated that that polyurethane template was not well covered by titanium powder in some 

areas, particularly near the interconnect of struts. In addition, air bubbles were found 

throughout the specimens near the surface of titanium strut. This is likely that air entrapement 

occurs during titanium slurry coating process.  

In-depth analysis was performed to quantify structural parameters and morphological 

geometries of open-cell pores and titanium struts. As the template cell size (ppi) increased, 

porosity and average pore diameter decreased whereas the number of individual pores 

increased. The average aspect ratio was found to be in a range between 1.33 to 1.39. The 

average orientation (angle of major axis inclined to foaming direction) was around 20.5°. The 

measured aspect ratio and orientation of pores indicated geometry anisotropy of titanium 

foams. Microstructure evaluation using scanning electron microscope and 3D optical 

microscope confirmed geometry anisotropy of the structure. The average strut thickness of 

titanium foams was around 220 um. 
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The numerical analysis and permeability assessment of fluid flow were also performed 

to investigate the relationship between structural parameters and flow behaviour. The 

permeability was significantly higher for the flow parallel to foaming direction as compared to 

the flow perpendicular to foaming direction, confirming that degree of geometry anisotropy 

was sufficient to cause significant flow property anisotropy. This better insight is of great 

importance to design the optimal structure for various functional applications. 
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